Adult glioblastomas, IDH-wildtype represent a heterogeneous group of diseases. They are resistant to conventional treatment by concomitant radiochemotherapy and carry a dismal prognosis. The discovery of oncogenic gene fusions in these tumors has led to prospective targeted treatments, but identification of these rare alterations in practice is challenging. Here, we report a series of 30 adult diffuse gliomas with an in frame FGFR3-TACC3 oncogenic fusion (n 5 27 WHO grade IV and n 5 3 WHO grade II) as well as their histological and molecular features. We observed recurrent morphological features (monomorphous ovoid nuclei, nuclear palisading and thin parallel cytoplasmic processes, endocrinoid network of thin capillaries) associated with frequent microcalcifications and desmoplasia. We report a constant immunoreactivity for FGFR3, which is a valuable method for screening for the FGFR3-TACC3 fusion with 100% sensitivity and 92% specificity. We confirmed the associated molecular features (typical genetic alterations of glioblastoma, except the absence of EGFR amplification, and an increased frequency of CDK4 and MDM2 amplifications). FGFR3 immunopositivity is a valuable tool to identify gliomas that are likely to harbor the FGFR3-TACC3 fusion for inclusion in targeted therapeutic trials.
INTRODUCTION
Diffuse gliomas harbor a high degree of histologic, genetic and prognostic heterogeneity, making their diagnosis and clinical management difficult. Recently, the WHO 2016 edition improved their classification by an integrated diagnosis: this new method requires the combination of histological and genetic features to characterize tumor types with higher prognostic and predictive values (15) . Integrated diagnosis of "glioblastoma, IDH-wildtype" (GBM, IDHwt) corresponds to a resistant-to-treatment disease with a dismal prognosis and standard of care that includes concomitant radiochemotherapy. However, GBM, IDHwt is only a negative molecular definition, which requires the absence of mutations of the IDH1 and IDH2 genes as well as the absence of the K27M mutation in genes encoding Histone H3. Most frequent genetic alterations of this group are not constant (co-occurrence of 7p gain and 10q loss, EGFR amplification or TERT promoter mutation), and GBM, IDHwt presents other highly variable genetic alterations, with a rare prevalence for each one (1, 24) . More detailed molecular characterization has no impact on the standard of care, but opens the potential for clinical trials to assess targeted therapies at tumor relapse (2, 10, 21) . Because of their rarity and high variability, detection of oncogenic drivers is challenging. Some histological variants of GBM, IDHwt are associated with a higher prevalence of specific drugable oncogenic drivers. Such variants are opportunities for pathologists to detect a potential therapeutic target. For example, the BRAF p.V600E mutation is rare in GBM, IDHwt but has a high prevalence in the variant epithelioid GBM (12) .
Massive parallel sequencing allowed the identification of the FGFR3-TACC3 gene fusion as a rare alteration in IDH-wildtype diffuse gliomas of histological grade II, III and IV according to the WHO 2007 (4, 23) . The fusion point of FGFR3-TACC3 varies from case to case and results in the production of a chimeric protein with the kinase domain of FGFR3 and coiled-coil domain of TACC3. The fusion protein presents hyperphosphorylation and constitutive activation of the kinase domain (16, 23) . The fusion protein is an oncogenic driver in vitro and in mouse models. Its oncogenic activity requires the kinase activity of FGFR3. Inhibitors of kinase activity can block tumor growth in a preclinical model of gliomas with the TACC3-FGFR3 fusion. Two cases of glioblastoma with the FGFR3-TACC3 fusion treated by FGFR3 inhibitors showed arrest of tumor growth (4) . In spite of its rarity, the FGFR3-TACC3 fusions open new therapeutic prospectives for selected patients (3) .
Here, we describe the recurrent histological and immunohistochemical features of gliomas with the FGFR3-TACC3 fusion, which can be considered to be a new histomolecular variant of GBM, IDHwt with diagnostic, and potential therapeutic impacts.
PATIENTS AND METHODS

Patients
A multicentric series of 30 patients with diffuse gliomas containing the FGFR3-TACC3 fusion was studied. All cases included an inframe FGFR3-TACC3 fusion containing the tyrosine kinase domain of FGFR3. Eleven cases were previously reported (4). A control monocentric series of 30 consecutive GBM, IDHwt cases without the FGFR3-TACC3 fusion was studied to assess the specificity of the histopathological features. A control group of 11 adult GBM, IDHwt patients without the FGFR3-TACC3 fusion were matched according to the age and sex ratio for 11 GBM, IDHwt patients with the FGFR3-TACC3 fusion to compare the vascular density. A monocentric prospective series of 256 IDH-wildtype adults with diffuse gliomas was screened for the FGFR3-TACC3 fusion by RT-PCR and tested by FGFR3 immunohistochemistry. The study was approved by the appropriate institutional research ethics committee and was performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki.
Pathology, immunohistochemistry, in situ hybridization
FB, DM and KM reviewed the histological features and integrated diagnosis according to WHO 2016. Formalin-fixed paraffin-embedded tissue sections were processed for deparaffinization and immunolabeling by a fully automatic immunohistochemistry system, the Ventana benchmark XT System (Roche, Basel, Switzerland), using a streptavidin-peroxidase complex with diaminobenzidine as the chromogen. The references and dilutions of the primary antibodies are given in Table 1 . FB and KM reviewed the FGFR3 immunolabeling and evaluated the maximal intensity (low, moderate or high) and percentage of positive tumor cells among the total tumor cells of the whole section. EGFR immunolabeling was evaluated by a score ranging from 0 to 400 as adapted from Hirsch et al (8) . To quantify the vascular density, only cases with a sufficient surface of the histological section were selected (n 5 11 gliomas with FGFR3-TACC3 fusion and n 5 11 gliomas without FGFR3-TACC3 fusion, matched according to criteria described in Patients paragraph). The three tumor areas with the highest vascular density were selected in each tumor independently from the tumor cell density. Microphotography of CD34 immunolabeling was acquired at high power fields (X400) for the three areas. The total number of vascular sections in the three pictures was obtained by visual count. The whole process of quantification was performed blind to the presence or absence of the FGFR3-TACC3 fusion. Formalin-fixed paraffin-embedded tissue sections were processed for deparaffinization and dual in situ hybridization by a fully automatic immunohistochemistry system, the Ventana benchmark XT System (Roche, Basel, Switzerland), using an MDM2 probe and centromeric probe of chromosome 12 (Roche, Basel, Switzerland). 
Genetic analysis
In-frame FGFR3-TACC3 fusions were detected by reverse transcription and PCR of the fusion breakpoint followed by sequencing of the PCR products (4 The PCR products were subjected to Sanger sequencing.
The mutational status of the IDH1 and IDH2 genes, and of the TERT promoter was analyzed, as well as copy number variations (CNV). IDH1 and IDH2 gene mutations were screened by Sanger sequencing (22) . TERT promoter hotspot mutations were detected by Sanger sequencing (14) .
Targeted gene capture followed by sequencing with parallel nextgeneration sequencing for IDH1, IDH2 and TERT promoter mutations; EGFR, CDK4 and MDM2 amplifications; p16 deletions; and chromosomal gains and losses was performed in 7 samples. CNV analyses were performed by a SNP array, using Illumina Omni in 14 samples (6) . Array processing was outsourced to Integragen. Raw copy numbers were estimated for each of the SNPs and copy-number markers. The bio-discovery property SNP-FASST2 algorithm was then used to segment the copy number data. Segments were mapped to the hg18 genome assembly (17) . The CNV magnitudes, called the log-R ratio (LRR), were classified (deletion, loss, gain, or amplification) using simple thresholds according to the default Nexus 7.5 software.
Statistical analysis
The quantitative variables are shown as the mean 6 standard deviation. The nominal variables were tested with the chi-square test. The quantitative variables were tested by the Mann-Whitney test if n < 30 and by the t test if n 30. The significance level was P < 0.05 according to the two-sided test.
RESULTS
Clinical features of diffuse gliomas with the FGFR3-TACC3 fusion
The series gathered 30 gliomas with in-frame FGFR3-TACC3 fusions ( Figure 1 , Tables 2 and 3 ). The most frequent fusions were FGFR3 exon 17 fused to exon 10 of TACC3 (n 5 9, 30%) or fused to exon 11 of TACC3 (n 5 13, 43%). The sex ratio was 1:1. The mean age at diagnosis was 62 y 612 (median age 62 y, range 42-87). All cases were treatment-naive supratentorial tumors without a medical history of irradiation. The frontal (n 5 11) and parietal (n 5 11) lobes were the most frequently involved, followed by the temporal (n 5 10), and occipital (n 5 7) lobes. Seventy percent of surgical samples were resections, and 30% were biopsies.
Histopathological features of diffuse gliomas with the FGFR3-TACC3 fusion
The 30 tumors were classified according to WHO 2016 ( Figure 1 , Table 3 ). Twenty five cases were GBM, IDHwt, and one case was a gliosarcoma, IDH-wildtype. One case was GBM, not otherwise specified. Two cases were diffuse astrocytoma, IDH-wildtype with molecular features of GBM, IDH-wildtype (7p gain, 10q loss, mutation of TERT promoter). One case was a diffuse astrocytoma, IDH-wildtype grade II without analysis of copy number variations (CNV). All of the 27 high-grade cases showed microvascular proliferation, 74% showed necrosis (n 5 24/27) and 67% showed thrombosis (n 5 18/27).
The histological review revealed recurrent morphological features (RMF). RMF were diffusely present in grade II cases. RMF were restricted to some tumor areas devoid of microvascular proliferation and necrosis in glioblastoma (Figure 2 , Supporting Information Figure S1 ). RMF associated: monomorphous ovoid nuclei, endocrinoid network of thin capillaries, nuclear palisading, and attachment of tumor cells to vessels by equidistant thin parallel cytoplasmic processes producing vague pseudorosettes. Tumor cells sometimes organized into pseudo-ependymal pseudorosettes. Isolated tumor cells infiltrated the neuropile and harbored an ovoid nucleus that was sometimes surrounded by a pale ovoid cytoplasm. They also spread along vessels and organized into perivascular pseudorosettes (Supporting Information Figure S1 ). In glioblastoma, tumor areas with RMF were associated with different areas that presented with a high cellular density, anisocaryosis, microvascular proliferation and necrosis. The former areas corresponded to grade II/III, and the latter areas presented criteria for grade IV. RMF were present at least focally in 73% (n 5 22/30) of tumors. Diffuse gliomas with the FGFR3-TACC3 fusion frequently presented microcalcifications (57%, n 5 17/30), desmoplastic changes (50% n 5 15/30), and an endocrinoid vascular network of thin capillaries (which is one of the RMF) 87% (n 5 26/30). In resection cases, these features were observed at higher percentages of 57%, 66% and 90%. These features were significantly more present in diffuse gliomas with the FGFR3-TACC3 fusion than in a control series of GBM, IDHwt without the FGFR3-TACC3 fusion: RMF (n without fusion 5 3/30, P < 10
23
), microcalcifications (n without fusion 52/30 P < 10
), desmoplastic changes (n without fusion 5 3/30, P 5 0.002), and an endocrinoid vascular network of thin capillaries (n without fusion 5 11/30 P < 10
). The mitotic activity was significantly lower (15 per 10 high power field) in GBM, IDHwt with the FGFR3-TACC3 fusion compared to those without the fusion (19 per 10 HPF, P 5 0.028). In one case, desmoplasia was marked and tumor cells were isolated in small islets separated by larger and predominant collagenous bands. Eight samples did not present RMF, but presented various histological aspects of GBM. Quantification confirmed the statistically significant higher vascular density in diffuse gliomas with the FGFR3-TACC3 fusion compared to the control group of GBM, IDHwt (mean FGFR3-TACC3 5 817 sections/mm 2 , mean without fusion 5 423 sections/mm 2 , n FGFR3-TACC3 5 11, n without_fusion 5 11, P 5 0.045, Mann-Whitney test, Figure  3 ). This higher vascular density was observed in diffuse gliomas with the FGFR3-TACC3 fusion, whereas the mean tumor cell density in quantified areas was lower than in the control group (Supporting Information Figure S2 ). The higher vascular density was thus not explained by a higher tumor cell density or biased selection of the tumor core versus the tumor infiltrative edge.
Immunohistochemical features of diffuse gliomas with the FGFR3-TACC3 fusion
The constant immunohistochemical features of the series were: negative IDH1 R132H (n 5 28), retained ATRX expression (n 5 28), broad expression of Olig2 (n 5 29) and GFAP (n 5 28) (Figure 4 , Supporting Information Table S1 ). The ratio of intense P53 immunolabeling was often low (mean P53 53% 67), exceeding 10% of tumor cells in only 14% of cases (n 5 4/28).
CD34 immunolabeling highlighted the dense branched vascular network vessels. CD34 was expressed by a minority of tumor cells in 55% of cases (n 5 16/29) according to two patterns: either ramified cell processes or a frame corresponding to the cytoplasmic membrane. EMA was focally positive as an ill-defined fibrillary staining in 55% of cases (n 5 16/29, Figure 4 ), but no case presented EMA immunopositive dots, which are commonly observed in ependymomas. The mean score of EGFR expression was 132/ 400 695. The mean Ki67 proliferation index was 3% 62 in grade II tumors (n 5 3) and was 16% 611 in grade IV tumors (n 5 27). Internexin alpha immunolabeling identified a solid tumor area without residual immunopositive axons in 54% of cases (n 5 15/28).
FGFR3 immunolabeling was constantly positive, but often heterogeneous. The maximal intensity of FGFR3 labeling was high in 23 cases, moderate in 5 cases and low in 1 case. Intense labeling was associated with areas with RMF. The mean percentage of the FGFR3-immunoreactive tumor surface was 72% 629.
Performance of FGFR3 immunolabeling for screening of diffuse gliomas with the FGFR3-TACC3 fusion
We analyzed 256 IDH-wildtype diffuse gliomas by FGFR3 immunolabeling and RT-PCR detection of the FGFR3-TACC3 fusion. The sensitivity and specificity of FGFR3 immunopositivity for the detection of the FGFR3-TACC3 fusion was 100% and 92%, respectively. The positive predictive value was 56% and negative predictive value was 100% (n true positive 5 24, n false positive 5 19, n true negative 5 213, n false negative 5 0).
Genetic features
We confirmed previously described molecular features of diffuse gliomas with the FGFR3-TACC3 fusion; 18/21 cases showed CNVs typical of the integrated diagnosis of GBM, IDHwt: 16 cases with 7p1/10q-and 2 cases with 10q-/13q-/14q-( Table 3, Supporting  Information Table S2 ). No EGFR amplification was detected in the 29 tested cases. The TERT promoter mutation was present in 74% of cases (n 5 17/23). MDM2 ( Figure 3 ) and CDK4 amplification was found in 19% (5/26) and 19% (5/26), respectively, which is higher than the mean frequency in GBM, IDHwt (24) .
DISCUSSION
We present the histopathological features of adult diffuse gliomas with the FGFR3-TACC3 fusion. Our findings facilitate the diagnostic approach of this peculiar subgroup of diffuse gliomas, IDHwildtype, and improve the understanding of their oncogenesis. Key genetic alterations of diffuse gliomas, co-occurring or excluding each other, are the basis of the current histomolecular integrated classification. Nevertheless, some groups, such as GBM, IDHwt, remain heterogeneous. On the other hand, entities such as grade II and III astrocytoma, IDH-wildtype should be better characterized since some of these tumors share molecular features and poor prognosis with GBM, IDH-wildtype (20) . The FGFR3-TACC3 fusion is an oncogenic driver mutually exclusive with IDH mutation and EGFR amplification (4) and mainly occurs in GBM. Interestingly, three cases of our series had a low grade diffuse astrocytoma histology but presented a CNV similar to those of GBM, IDHwt. These findings support the similarities between some diffuse astrocytomas, IDH-wildtype and GBM, IDHwt. The median age of GBM, IDH-wildtype with the FGFR3-TACC3 fusion (62 y) is the same as that of other forms of GBM, IDH-wildtype (15). However, the age distribution was wide, from 35 to 87 years. We observed a balanced sex ratio, in contrast to the female predominance previously reported in a smaller cohort (7) . The occurrence of the FGFR3-TACC3 fusion in the pediatric population is unknown because only tumors of adult patients were investigated.
We identified recurrent morphological features (RMF) associated with frequent microcalcifications and desmoplasia. These histological findings in a diffuse glioma IDH-wildtype should prompt pathologists to consider the FGFR3-TACC3 fusion and look for additional genetic alterations that are required for the diagnosis of GBM, IDHwt. Some features of the RMF are shared with other tumors, representing a challenging differential diagnosis: (i) nuclear monomorphism, endocrinoid vascular network, and microcalcifications are also present in oligodendrogliomas, IDH-mutant and 1p/ 19q co-deleted, (ii) perivascular pseudorosettes are shared with ependymomas, astroblastomas, angiocentric gliomas and (iii) solid tumor areas, desmoplasia and CD34 ramified labeling are shared with glioneuronal tumors (eg gangliogliomas) (15) . One FGFR3-TACC3 fusion was recently reported in a low-grade epilepsy associated tumor, called a polymorphous low-grade neuroepithelial tumor of the young (PLNTY) (9) . PLNTY shares some histological features and CD34 immunopositivity with those that we observed in GBM, IDHwt with FGFR3-TACC3. However, the tumors of our series had an evolution of high grade diffuse gliomas and did not correspond to PLNTY.
FGFR3-TACC3 fusions are typically IDH1 R132H negative, ATRX retained, OLIG2 positive, and GFAP positive, with low to moderate EGFR positivity, mostly negative P53, and are frequently CD34 positive. FGFR3 immunolabeling can be used to predict the presence of the FGFR3-TACC3 fusion, with high specificity and sensitivity. No case with the FGFR3-TACC3 fusion was FGFR3 negative, making immunohistochemistry a simple and reliable method for systematic screening of IDH-wildtype diffuse gliomas. We thus confirmed in a larger cohort the recently reported high sensitivity of FGFR3 immunolabeling (7) . The most intense FGFR3 immunostaining often highlighted tumor areas with the RMF, and such tumors have a high probability to harbor a FGFR3-TACC3 fusion. Noteworthy, histological diagnosis of diffuse gliomas is a preliminary condition to analyze FGFR3 labeling. FGFR3 immunopositivity should not be considered to be a marker that is specific to diffuse gliomas. Moreover, the recurrent morphological features of diffuse gliomas with the FGFR3-TACC3 fusion are not specific and sensitive enough to identify these tumors, and molecular confirmation is mandatory. FGFR3 immunostaining can be used clinically as a first step of screening to prioritize the tumors that are analyzed in a second molecular step. Confirmation of the FGFR3-TACC3 fusion requires RT-PCR followed by sequencing of the inframe fusion breakpoint. Direct detection of FGFR3-TACC3 by RNA-FISH could be useful (13) . Indeed it could become an important theranostic marker if the benefit of FGFR3 inhibitors in these tumors is confirmed by ongoing clinical trials.
Tumor areas with RMF showed the highest immunoreactivity of FGFR3 and could correspond to the highest activation of FGFR3 signaling. FGFR3 is involved in the development of astrocytes through the maintenance of progenitors and specification (5, 18, 19) . It is also involved in the activation of astrocytes in reactive gliosis through migration, extension of cytoplasmic processes and induction of GFAP expression (11) . The FGFR3-TACC3 fusion could deregulate the normal function of FGFR3 signaling in astrocytic differentiation and could induce tumor cells to present RMF. Alternatively, RMF are characterized by a rich vascular network and could result from the requirement of the perivascular niche or of oxidative metabolism in FGFR3-TACC3 fusion-driven oncogenesis. The RMF was present in all cases with low-grade histology. In glioblastoma, we observed areas with RMF corresponding to grade II/III (without microvascular proliferation and/or necrosis) as well as areas without RMF and presenting microvascular proliferation and/or necrosis. These findings suggest that RMF reflects the initial step of tumorigenesis in this oncogenic pathway and that 
